The ganglion cells of the cat
Abstract
The ganglion cells of the cat's retina form several classes distinguishable in terms of soma size, axon diameter, dendritic morphology, physiological properties, and central connections. Labeling with r3H]thymidine shows that the ganglion cells which survive in the adult are produced as several temporally shifted, overlapping waves: medium-sized cells are produced before large cells, whereas the smallest ganglion cells are produced throughout the period of ganglion cell generation (Walsh, C., E. H. Polley, T. L. Hickey, and R. W. Guillery (1983) Nature 302: 611-614).
Large cells and medium-sized cells show the same distinctive pattern of production, forming rough spirals around the area centralis. The oldest cells tend to lie superior and nasal to the area centralis, whereas cells in the inferior nasal retina and inferior temporal retina are, in general, progressively younger. Within each retinal quadrant, cells nearer the area centralis tend to be older than cells in the periphery, but there is substantial overlap. The retinal raphe divides the superior temporal quadrant into two zones with different patterns of cell addition. Superior temporal retina near the vertical meridian adds cells only slightly later than superior nasal retina, whereas superior temporal retina near the horizontal meridian adds cells very late, contemporaneously with inferior temporal retina. The broader wave of production of smaller ganglion cells seems to follow this same spiral pattern at its beginning and end. The presence of the area centralis as a nodal point about which ganglion cell production in the retinal quadrants pivots suggests that the area centralis is already an important retinal landmark even at the earliest stages of retinal development.
This sequence of ganglion cell production differs markedly from that seen in the retinae of nonmammalian vertebrates, where new ganglion cells are added as concentric rings to the retinal periphery, and also bears no simple relationship to the cat's retinal decussation line. However, it can be related in a straightforward manner to the organization of axons in the cat's optic tract, suggesting that the fiber order in the tract represents a grouping of fibers by age.
The ganglion cells of the cat's retina have been subdivided in terms of perikaryal size, dendritic morphology, functional properties, and axon diameter, and these classifications correlate with differences in the patterns of decussation and central connectivity of the retinofugal axons. The ganglion cells with the largest somata, the alpha cells, form a discrete morphological and physiological cell type (Boycott and Wassle, 1974; Cleland et al., 1975; Wassle et al., 1975 Wassle et al., , 1981b . Their axons branch to project to several nuclei in the thalamus and brainstem (Kelly and Gilbert, 1975; Bowling and Michael, 1980; llling and Wassle, 1981) . Ganglion cells with small or medium-sized somata can be subdivided further in terms of other parameters. Most medium-sized ganglion cells represent a second distinct morphological class, the beta cell (Boycott and Wassle, 1974) and several lines of evidence suggest that the beta cell also represents a uniform physiological cell type with characteristic central projections (Rodieck, 1979; Wassle et al., 1981 a; Saito, 1983) . Other cells with medium-sized somata, however, differ from beta cells in their dendritic morphology and central connectivity (Leventhal et al., 1980; Leventhal, 1982) . The smallest ganglion cells represent a heterogeneous group, for which the exact relationships between morphology and physiology are still only poorly understood.
These several ganglion cell classes, diverse in their form, function, and connectivity, differentiate from the initially uniform neuroepithelium of the optic cup. Following their last cell division, ganglion cell neuroblasts migrate away from the ventricular lumen and begin cytodifferentiation (Ramon y Cajal, 1929; Hinds and Hinds, 1974 (Mall, 1893; Glucksmann, 1940; Lyall, 1957; Johns and Easter, 1977) in showing that the retina grows primarily by the addition of new cells as rings to the retinal periphery (Hollyfield, 1968 (Hollyfield, , 1972 Straznicky and Gaze, 1971; Jacobson, 1976; Johns, 1977) . Studies on mammals have been more limited. Sidman (1961) showed that, in the mouse, large and small ganglion cells tend to be produced at different times, and that ganglion cells tend to be added in a central to peripheral sequence. In the cat, the three ganglion cell size classes have distinct temporal patterns of production: medium-sized ganglion cells are 742 Walsh and Polley Vol. 5, No. 3, Mar. 1985 produced before large ganglion cells, whereas the smallest ganglion cells are added throughout the period of ganglion cell generation (Polley et al., 1981; Walsh et al., , 1983 Kliot and Shatz, 1982 
Materials and Methods
Tritiated thymidine injection. Tritiated thymidine was injected into the allantoic sac of 24 fetal cats of known age, between the 21st and 36th day of gestation (E21 to E36), according to a method described previously . The fetuses developed normally and were killed by perfusion with 10% formal saline between 56 and 250 days after birth, by which time the three major ganglion cell size classes can be differentiated (Tucker, 1978) . Despite strict control over the breeding conditions, some variabilityexisted between labeling patterns of animals given injections at the same nominal age; thus, each gestational age carries an uncertainty of up to 36 hr. Our figures illustrate the general patterns of retinal development which emerged from our data.
Preparation of the retina. Some retinae were sectioned in the standard radial plane, but in order to allow analysis of the pattern of radioactive label in terms of retinal landmarks, a new embedding method was used (Polley and Walsh, 1984) . The retinae were embedded in glycol methacrylate resin (a soft plastic) so that large regions of the retina could be sectioned en face, in a plane parallel to the retinal layers. These sections were cut at 5 pm, collected, and mounted on acid-cleaned, gel-coated glass slides. They were then processed for autoradiography using Kodak NTB-2 emulsion and standard dipping techniques (Rogers, 1979) . After exposure in the dark for 10 days to 2 weeks, the autoradiographs were developed in D-19 and fixed in Rapid Fix, and the sections were counterstained with cresyl violet. Analysis of autoradiographs.
Histograms were used previously (Polley et al., 1981; Walsh et al., , 1983 to illustrate the relationship of soma diameter to time of cell production.
However, to show the overall topography of cell production, we found histograms unsatisfactory and, instead, reconstructed en face plots from IO to 15 alternate, 5-Frn sections, tO produce a complete view of the ganglion cell layer for a large part (although never all) of the retina.
The area centralis was located by drawing the region of highest cell density in 5 to 10 serial sections at x 50 to x 100, using a camera lucida. Superimposition of these drawings produced a single plot showing all alpha cells and blood vessels near the area centralis (Fig. 4) , and the area centralis was taken as the region of highest alpha cell density which was also free of blood vessels.
Next, every second section through the ganglion cell layer was drawn at x 33 to x 37, and the sections were searched systematically with a x 100 oil immersion objective. Each "heavily labeled" (defined below) ganglion cell with a nucleolus in the plane of section was plotted on the drawing, and the cell's soma diameter, nuclear diameter (average of largest and least diameters), and grain count were recorded.
No correction was made for linear shrinkage (about 15%, when retinae were measured before and after embedding). The criteria for identifying ganglion cells were adapted from Stone (1978) and Hughes (1981) . Cells which had a pale-staining nucleus with a single, distinct nucleolus in the plane of section, as well as well defined Nissl bodies in the cytoplasm, were interpreted as ganglion cells (Fig. 1) . When a heavily labeled nucleus contained a basophilic fold, a cytological feature said to characterize displaced amacrine cells in the ganglion cell layer (Hughes and Wieniawa-Narkiewicz, 1980) , it was noted on the drawing. These cells were rarely heavily labeled in any of the plots shown. Sidman (1970) has noted a purely geometrical tendency for larger nuclei to appear more lightly labeled than smaller nuclei. We calculated a correction for this tendency (corrected grain count = nuclear diameter x grain count) and found that, for a range of nuclear sizes (4 to 11 pm) and section thicknesses (2 to 5 fim), this correction either compensated appropriately or overcompensated somewhat for this sampling difference, assuming the nuclei are (7) spherical, (2) flattened (1:2 or 1:3) in the plane of section, or (3) flattened (2:1 or 3:l) normal to the plane of section. In practice, this correction made no qualitative changes in any of the plots.
Heavily labeled ganglion cells were defined as having corrected grain counts greater than half the maximum corrected grain count in the section. The maximum corrected grain count was defined as the average of the three highest counts in the section, and varied less than 15% through a series of sections. Since alpha cells comprise less than 5% of the total number of I Figure 1 . Photomicrograph of an en face section through the retinal ganglion cell layer of a cat exposed to [3H]thymidine on E31 and killed 65 days after birth. This field, in temporal retina near the horizontal meridian, shows a heavily labeled large ganglion cell and a heavily labeled small ganglion cell (arrows), according to the criteria of Stone (1978) and Hughes (1981) ; in contrast, several other ganglion cells of intermediate size are unlabeled, suggesting that they were postmitotic at the time of the [3H] thymidine injection. The nucleolus of the heavily labeled small ganglion cell was not included in the plane of this section. The nucleus of another cell showing lighter label (a) also contains a basophilic nuclear fold, which seems to characterize displaced amacrine cells (Hughes and Wieniawa-Narkiewicz, 1980) . Several other labeled cells (arrowheads) are probably non-neuronal. Note also the staining of the longitudinally cut retinofugal fibers in the retinal nerve fiber layer (asterisks).
Cresyl violet stain. Magnification X 720.
gangllon cells, In order to obtain useful sample sizes, heavily labeled alpha cells were defined as having corrected grain counts greater than one-third the maximum.
This did not substantially increase the extent of retina covered by heavily labeled alpha cells In any of the plots.
In the plots, gangllon cells were divided into four groups according to soma size: (7) alpha cells, which were identified by inspectjon (or, In a few dubious cases, by making cell stze histograms), (2) non-alpha cells larger than 16 pm, (3) gangllon cells 12 to 16 pm In diameter, and (4) ganglion cells less than 12 pm in diameter (see Fig. 2 ). In 17 histograms prepared from five different retinae, sampling all four rettnal quadrants and eccentncltles ranging from the area centralis to peripheral temporal retina (Polley et al., 1981; Walsh et al., , 1983 unpublished histograms), all ganglion cells larger than 16 pm (excepting alpha cells) fell exclusively in the medium-sized cell mode, and all ganglion cells less than 12 pm were limited to the small cell mode. Thus, the former serves as a sample of medium-sized cells and the latter serves as a sample of small cells. The 12. to 16-pm category has a heterogeneous compositlon which changes in different retinal regions (see Fig. 2 ). The justification for this classification IS discussed in more detail below (see "Grain counting and sampling of ganglion cell types," under "Dlscusslon").
In the area centralis, where separate small and medium-sized cell modes cannot be dIstinguished, such a simple analysis IS unreliable. than in temporal retina, this 12. to 16.pm size group included a larger proportion of cells in the medium-sized mode. Thus, the 12-to 16-pm size group is heterogeneous, and its composition varies with retinal location; therefore, cells in this size range were not studied in detail. In the area centralis (a), separate small and medium-sized modes cannot be demonstrated. See the text for further discussion.
Results
and nasally to the area centralis and spreads to include inferior nasal retina and inferior temporal retina in rough sequence. The earliest successful injections, at E21, produced a few heavily labeled medium-sized cells (as well as heavily labeled small cells-see below), but many cells were more lightly labeled. Heavily labeled cells were scattered but were most common over a broad central region above the optic disc and nasal to the area centralis. Heavily labeled cells were especially common immediately superior and nasal to the area centralis, and the number of heavily labeled cells dropped markedly from the nasal to the temporal side of the area centralis.
InjectIons at E22 to E24 produced many more heavily labeled medium-sized ganglion cells in a larger central retinal region, with more labeled cells in temporal retina. Figure 3a illustrates the distribution of heavily labeled medium-sized cells (see "Materials and Methods" for definition) in the central retina of a cat given [3H] thymidine on E23. The rest of the retina was studied, although not plotted, in other animals. Heavily labeled medium-sized ganglion cells were most common in superior nasal retina and the immediately adjoining portion of superior temporal retina. They were also common In inferior nasal retina, but far fewer heavily labeled cells were present In inferior temporal retina. A sharp decussation line separates medium-sized cells in temporal retina, all of which have uncrossed axons, from medium-sized cells in nasal retina, all of which have crossed axons (Stone, 1966; Cooper and Pettigrew, 1979; llling and Wtissle, 1981) . Thus, whereas injections at E21 to E23 produced heavily labeled cells in superior retina with both crossed and uncrossed axons, heavily labeled cells in inferior retina formed an almost pure-crossed population.
Later injections (E25 to E28) showed heavily labeled mediumsized cells over virtually the entire retinal surface, but the distribution of heavily labeled medium-sized cells was not uniform. Injections at E25 produced many heavily labeled medium-sized cells everywhere except in temporal retina near and below the horizontal meridian. Later injections (E26 to E28) produced increasing numbers of heavily labeled medium-sized cells in inferior temporal retina, but decreasing numbers of labeled medium-sized cells in superior nasal retina and the immediately adjoining portion of superior temporal retina. This is illustrated in Figure 3b , which is a plot of heavily labeled mediumsized cells after [3H]thymidine injection at E27. This figure shows a distribution of labeled medium-sized cells essentially complementary to that seen after injection at E23 (cf. Fig. 3a) .
Injections at E29 showed no labeled medium-sized cells in nasal retina except in the periphery, whereas in temporal retina heavily labeled medium-sized cells were common near and below the horizontal meridian (Fig. 3~) . Whereas in temporal retina labeled medium-sized cells were found within 1 mm of the area centralis, in nasal retina the nearest heavily labeled medium-sized cell was at least 6 mm away. Heavily labeled medium-sized cells in temporal retina were most common inferior to the retinal raph8, the region that separates ganglion cells whose axons course superior to the area centralis from those whose axons loop inferior to the area centralis to reach the optic nerve head. This is illustrated in Figure E on E23 and killed 60 days after birth, and shows that heavily labeled medium-sized cells lie mainly in superior nasal retina and the adjoining zone of superior temporal retina near the vertical meridian. Fewer heavily labeled cells are seen in Inferior nasal retina, and very few are seen in inferior temporal retina. b shows the retina of an anrmal given [3H]thymidine on E27 and killed 196 days after birth, and shows heavily labeled medium-srzed cells over the entire retina, although they are more common in inferior nasal retina and in temporal retina inferior to the raphe. The raphi! is shown by the region of overlap of the blood supply to superior temporal retina from superior nasal retina and from inferior temporal retina (Murakami et al., 1982) . Heavily labeled medium-sized cells in this retina are much less common in superior nasal retina and the adjacent portion of superior temporal retina near the vertical meridian, producing a labeling pattern complementary to that seen in a. c shows the retina of an animal given [3H]thymidine In E29 and killed 206 days after birth, and shows heavily labeled medium-sized cells mainly in temporal retina inferior to the retinal raphe, with heavily labeled medium-sized cells in nasal rettna present only in the periphery. d shows the retina of an animal given [3H]thymidine on E31 and killed 65 days after birth and shows heavily labeled medium-sized cells confined to the peripheral retina. Although the periphery of temporal retina only is shown in this drawing, the far periphery of the entire retina showed a few heavily labeled medium-sized ganglion cells in other animals given r3H] thymidine at this age. In each drawing, the outlines represent the limits of the retinal region analyzed, and this region is indicated in the inset. The area centralis is shown as a cross, with the orientation of the axes of the cross approximating that of the horizontal and vertical meridians (Bishop et al., 1962; Cooper and Pettigrew, 1979) . In all drawings, nasal is to the left, temporal is to the right, and superior retina is above. The optic disc, which lies in nasal retina, is shown by an irregular circle from which the major blood vessels radiate. Cuts and tears made in the retina during processing are also shown, and the ora serrata, where included in the drawing, is shown by a bold he. Scale bars = 1 mm. 3c, where the raphe is represented by the region of overlap of two groups of blood vessels supplying superior temporal retina, one group approaching nasally, the other, inferiorly (Murakami et al., 1982) .
The absence of label among medium-sized ganglion cells near the optic disc following injection at E29 is confirmed by an analysis of label among cells less than 16 pm in diameter (see Fig. 6a ). The distribution of heavily labeled cells 12 to 16 pm in diameter (representing a mixture of small and medium-sized cells) was essentially identical to that of cells larger than 16 pm. The only cells labeled in nasal retina near the optic disc had somata less than 12 pm in diameter, and in histograms (some taken from the retina contralateral to the one shown here), cells in this size range never included medium-sized cells.
Very few medium-sized cells were labeled by injections after E29. Following injections at E31, labeled medium-sized cells were mainly limited to the peripheral retina (see Fig. 3d ). Although no cells larger than 16 pm were labeled in central retina, some heavily labeled cells near the optic disc had somata up to 15.5 pm in diameter (see Fig.  6b ). Some of these cells may represent a smaller group of mediumsized cells produced later, and separately, from the major wave of production of medium-sized ganglion cells. Whether these younger cells represent amacrine cells or a distinct morphological or physiological ganglion cell type is unknown. Another injection at E35 labeled very few medium-sized cells adjacent to the ora serrata, and no labeled medium-sized ganglion cells were seen after an injection at E36.
Production of large gang/ion cells. The largest ganglion cells, or alpha cells, are produced as a second roughly spiral wave with the same topography as the wave which produces the majority of the medium-sized cells. Although shifted about 4 days relative to the medium-sized cell wave, the production of large cells overlaps the production of medium-sized cells extensively.
The oldest large cells are widely scattered and lie, in general, superior and nasal to the area centralis. Although six cats given [3H] thymidine before E25 showed no heavily labeled large cells, two cats given [3H]thymidine at E25 showed several heavily labeled large cells. They were all above the optic disc, and most were above the horizontal meridian (see Fig. 5a ). Although scattered, they were especially common immediately superior and nasal to, and extending up to, the area centralis. Figure 4 illustrates their decidedly asymmetric distribution relative to the area centralis: heavily labeled large cells were common superior and nasal to the area centralis and spilled over somewhat across the retinal vertical meridian representation into superior temporal retina. Figure 4 also shows that there was no consistent tendency for nearest-neighbor large cells to have matching amounts of label, since most heavily labeled large cells had lightly labeled (or unlabeled) neighbors. , 5wJ ( Figure  5a and other figures, and this explains the higher density of heavily labeled alpha cells in this figure. Note that heavily labeled alpha cells lie superior and nasal to the area centralis and that they extend up to the zone of maximal cell density and up to the retinal raphe (defined by overlap of blood vessels), but no further. The overall density of alpha cells in this figure agrees with other published estimates (Wassle et al., 1975; Stone, 1978) within 20%, confirming that alpha cells can be identified readily in these Nissl-stained sections.
Injections at later ages (E26 to E28) produced heavily labeled large cells over a wide retinal region including inferior nasal retina and more of temporal retina. Figure 5b shows the retina of an animal given [3H]thymidine at E27 and shows that heavily labeled large cells covered most of the area sampled. However, they were more common in superior nasal retina and the immediately adjoining region of superior temporal retina than they were in inferior nasal retina, and they were notably less common in inferior temporal retina. This distribution (Fig. 5b) resembles the distribution of heavily labeled medium-sized cells after injection at E23 (cf. Fig. 3a) . Note that, with rare exceptions, all heavily labeled large cells in superior retina were nasal to the raphe.
As heavily labeled large ganglion cells became more common in temporal retina after large injections (E28 to E29), they became less common in those retinal regions containing the oldest large cells. Figure 5c shows a plot of heavily labeled large cells following an injection at E29. Heavily labeled large cells were again scattered over most of the area sampled. However, they were slightly more common in inferior nasal retina than in superior nasal retina and were increasingly more common in inferior temporal retina. Virtually all labeled large cells in superior retina were nasal to the raphe. The tendency for inferior nasal retina to contain more heavily labeled large cells than superior nasal retina was clearer in another animal, from a different litter, also given [3H]thymidine on E29 (not illustrated). We interpret this animal as having been slightly older at the time of injection than the animal shown in Figure 5c , suggesting that production of large cells ceases first in superior nasal retina.
Still later injections (E31) labeled no alpha cells near the optic disc. In an animal given [3H]thymidine on E31, no labeled large cells were present in the nasal retina except in the periphery (Fig. 5d) . Heavily labeled large cells were mainly limited to retina near and below the horizontal meridian of the temporal retina (see Fig. 5d ). Thus, the overall distribution of heavily labeled large cells after thymidine injection at E31 was similar to the distribution of heavily labeled medium-sized cells after injection at E29 (cf. Fig. 3~ ). Injections made later than E31 (E35 to E36) labeled very few alpha cells adjacent to the ora serrata.
Production of small gang/ion cells. Small ganglion cells are produced gradually over the entire period of ganglion cell generation, extending at least from E21 to E36. After the earlier injections (E21 to E27), the distribution of heavily labeled small ganglion cells matched that of heavily labeled medium-sized cells. After injection at E21, heavily labeled small and medium-sized ganglion cells were plotted (although no soma size analysis was done). Labeled cells were more common in superior nasal retina than in inferior nasal retina, suggesting that the small cell wave may also begin in superior nasal retina. Following injections at later ages, medium-sized cell labeling expanded to cover more of the retina, and label among small cells also expanded, covering most of the retina following injections at E27.
After later injections (E28 to E29), label among small cells continued to cover the whole retina as label among medium-sized ganglion cells and, later, among large cells receded from central retina (Fig.  6a) . After an injection at E31, there is a hint that production of small cells may be nearing completion, as a region directly above the area centralis is devoid of labeled ganglion cells (Fig. 6b) . A larger region of superior retina showed no labeled ganglion cells after injection at E35, although labeled small ganglion cells were identified near and below the horizontal meridian. Thus, the broad wave of production of small ganglion cells also seems to follow a spiral pattern at its beginning and end. However, because of the difficulty in distinguishing small ganglion cells from other cell types in the ganglion cell layer, we have not attempted to determine the age at which ganglion cell production ceases.
Relationship of ganglion cell production to the retinal raphk. In most of our material the raphe separates retinal regions with disparate labeling patterns. This is well illustrated by comparing labeling among large and medium-sized ganglion cells after [3H]thymidine E31 - Figure 5 . Plots of heavily labeled alpha cells in the retinae of cats given [3H]thymidine on E25, E27, E29, and E31. a shows the retina of an animal given [3H]thymidine on E25 and killed 56 days after birth, and shows heavily labeled alpha cells over a broad retinal region, but mainly in superior nasal retina. b shows the retrna of an animal given [3H]thymidine on E27 and killed 196 days after birth (prepared from the same retina shown in Fig. 3b) , and shows heavily labeled alpha cells distributed over a very broad region of central retina. They are common in superior nasal retina and the adjacent portion of superior temporal retina (up to the retinal raphe), slightly less common in inferior nasal retina, and uncommon in temporal retina inferior to the raphe. c shows the retina of an animal given 13H]thymidine on E29 and killed 206 days after birth (prepared from the same retina shown in Fig. 3c ). and again shows heavily labeled alpha cells over most of the retina, although in nasal retina they are slightly more common in inferior nasal than in superior nasal retina, and in temporal retina they are uncommon near and below the horizontal meridian. d shows the retina of an animal given [3H]thymidine on E31 and killed 65 days after birth (the same retina shown in Fig. 3d) , and shows heavily labeled alpha cells mainly in temporal retina, distributed in a region bounded superiorly and nasally by the retinal raphe. Inferior temporal retina, although not included in the block sectioned to make this plot, was sectioned and analyzed separately and contarned many heavrly labeled alpha cells. Conventions for all of these drawings are as in Figure 3 . injection at E27 or E29 (cf. Figs. 3b and 5b, 3c and 5~). In each Discussion case the raphe separated regions containing many labeled large cells (nasally) from regions containing many labeled medium-sized In this study we describe the spatial pattern of production of the cells (temporally). The region where this boundary was clearest was ganglion cells in the cat's retina. Cells in different size classes are nearer the area centralis after the earlier injection and farther periphproduced as several overlapping, temporally distinct waves (Walsh erally after the later injection, After injection at E25 the raphe again et al. , 1983) . Each wave follows the same distinctive topography, clearly separated regions containing heavily labeled large cells from forming a rough spiral around the area centralis. This pattern of regions containing no heavily labeled large cells at all, with this neurogenesis can be related to the development of the retina in boundary clearest in the area centralis itself (see Figs. 4 and 5a) . In general, to the partial decussation of the retinofugal axons, and to contrast, much later injections (E31) labeled large cells only temporal the organization of these axons in the brain. However, before to the raphe (Fig. 5d) . Thus, for ganglion cells in any size class, discussing these issues, some technical points must be addressed. cells nasal to the raphe are substantially older than cells temporal to Grain counting and sampling of ganglion cell types. Construction it.
of en face plots required comparisons of grain counts within and a E Figure 6 . Plots of heavily labeled ganglion ceils less than 16 pm in diameter, from the retinae of animals given [3H]thymidine on E29 and E31. Injections at earlier ages produced patterns of label among cells less than 16 pm that matched the pattern of label among nonalpha cells larger than 16 pm in diameter (see Fig. 3, a and b) . a shows the retina of an animal given [3H]thymidine on E29 and killed 206 days after birth (cf. Figs. 3c and 5c ). Heavily labeled small ganglion cells less than 12 pm in diameter, indicated by open squares, cover the entire retinal region samples. Ganglion cells 12 to 16 pm in diameter are indicated by solid triangles and represent a heterogenous population including both small and medium-sized ganglion cells. Since average ganglion cell size varies across the retina, the proportion of small or medium-sized cells in the 12. to 16-pm size range varies with retinal position. The distribution of heavily labeled cells 12 to 16 pm in diameter is similar in this retina to the distribution of medium-sized cells larger than 16 pm in diameter (cf. Fig. 3c ): they are limited to peripheral areas of nasal retina, whereas they are common in temporal retina near, and inferior to, the horizontal meridian. b shows the retina of an animal given [3H]thymidine on E31 and killed 65 days after birth (the same retina shown in Figs. 3d and 5d) , and shows very few labeled cells superior to the area centralis, suggesting that ganglion cell production here may be nearing completion.
Heavily labeled small cells less than 12 pm in diameter (open squares) are distributed over most of the retina. So/id triang/es represent cells 12 to 16 pm, including both small and medium-sized cells. Some of the cells 12 to 16 pm in diameter which are labeled in central retina may represent a population of relatively young medium-sized cells which are not labeled after injections at slightly earlier ages (cf. Fig. 6e ). See the text for further explanation. Conventions for both drawings are as in Figure  3 . than the large cells, but sampling them presents two problems: (7) there is no obvious boundary or morphological distinction between small and medium-sized ganglion cells, and (2) the size boundary defined by others (Stone, 1978; Hughes, 1981) shifts with retinal locus. Since histograms show that cells (excluding alpha cells) with somata larger than 16 pm always represent medium-sized ceils in our material (see Fig. 2 ), we analyzed medium-sized cells by plotting labeled cells in this size range. This sample thus includes the larger medium-sized ganglion cells, and the proportion of the smaller cells within the medium-sized mode which is excluded from this sample varies with retinal eccentricity. In general, the smaller and larger cells within the medium-sized mode showed the same topography of production, as the distribution of label among cells 12 to 16 pm in diameter usually matched closely the distribution of label among Vol. 5, No. 3, Mar. 1985 medium-sized cells larger than 16 pm (cf. Figs. 3c and 6a ). An important exception is represented by the cells, many of them up to 15.5 pm in diameter, labeled near the optic disc following [3H] thymidine injections at E31 (Fig. 6b) . Some of these labeled cells probably fall in the medium-sized mode. The identity of these cells is uncertain, but we tentatively suggest that, whereas beta cells are formed in the main wave of medium-sized cell production, this younger group of small and medium-sized cells includes the epsilon cells (Leventhal et al., 1980; Leventhal, 1982) . The suggestion that beta cells are older than epsilon cells is supported by experiments in the ferret reported elsewhere (C. Walsh and R. W. Guillery, unpublished results), in which the older retinofugal axons and terminals were selectively labeled by an intravitreal injection of 3H-amino acids given on E27 to E29, during the period of ganglion cell production. When these ferrets (a close relative of the cat with similar visual system organization and development) were killed 3 weeks postnatally (by which time the retinofugal projection is, in general, adult-like), label among the older retinofugal terminals was heavier in the A layers of the lateral geniculate nucleus, the major target of beta cell axons, and lighter in the C layers, the medial intralaminar nucleus, and the geniculate wing, the known targets of epsilon cell axons. Injections into older animals followed by a similar survival time produced more uniform label in all of these targets. This suggestion that beta cells are older than epsilon cells can only be evaluated by combining [3H]thymidine autoradiography with techniques that reveal dendritic morphology or central connections (E. H. Polley, work in progress).
Small ganglion cells were sampled by plotting labeled cells less than 12 pm in diameter, since cells in this size range were restricted to the small cell mode in our histograms  see Fig. 2 ; other histograms are unpublished).
Small cells are produced throughout the period of ganglion cell addition, and this broad wave of production may represent several concatenated waves of addition of the several morphological subtypes of small ganglion cell. This, however, remains unproven. There may also be differences in age between small cells in temporal retina which have crossed or uncrossed axons, since we have referred elsewhere to indirect evidence that suggests that the small cells in temporal retina with crossed axons are among the youngest cells in temporal retina. Again, resolution of these questions requires combination of [3H]thymidine autoradiography with techniques for revealing dendritic morphology and central connectivity.
Comparison with earlier studies of ganglion cell production. Our results illustrate that ganglion cell addition in the cat's retina follows quite different rules from those seen in nonmammalian vertebrates. In frogs and fish, ganglion cell addition continues throughout life by the addition of rings of new cells to the retinal periphery (Hollyfield, 1968 (Hollyfield, , 1972 Straznicky and Gaze, 1971; Jacobson, 1976; Johns, 1977) resulting in a sequence of ganglion cell addition which represents a single retinal map. In the cat's retina, however, ganglion cell production (7) is temporally limited, being mainly completed during a 2-week period, (2) is resolvable into several waves of production of distinct cell size classes, and (3) occurs over a very rough central-peripheral gradient not in accord with the precise maps formed centrally by the eye on the brain such that, at many ages (e.g., E26 to E31), new ganglion cells-even within one size classare apparently added simultaneously over large parts of the retinal surface.
Ganglion cell production in the cat may be compared more fruitfully to the very earliest stages of ganglion cell addition in nonmammalran vertebrates, before the distinctive annular addition becomes established. In these earliest stages, ganglion cell addition shows a marked dorsal-ventral asymmetry in all species examined, with the oldest ganglion cells lying superior to, and in general to one side of, the optic disc, comparable to our results in the cat (von Szilly, 1912; Mann, 1928 Mann, , 1964 Goldberg and Coulombre, 1972; Kahn, 1973; Grant and Rubin, 1980; Sharma and Ungar, 1980) . The addition of ganglion cells as annuli could then be viewed as a specialization of frogs and fish, perhaps allowing them to add new cells to an already functioning retina (S. Easter, personal communication), but should not be viewed as a general paradigm of vertebrate retinal growth (see also Sidman, 1961; Lund and Bunt, 1976; Johns et al., 1979) . It would be interesting to see whether an analogous roughly spiral pattern (perhaps defined with respect to the optic disc) obtains at the earliest stages of ganglion cell production in frogs and fish. Such a pattern results in a rough but definable temporal sequence in production of cells in the different retinal quadrants and produces spirals with different orientation (i.e., clockwise or counterclockwise) in the two eyes, and therefore could have important consequences for the development of maps in the brain.
Retinal growth and maturation. Overproduction of ganglion cells, followed by cell death, has been documented in several mammalian species (Sengelaub and Finlay, 1981; Cunningham et al., 1982; Jeffery and Perry, 1982; Ng and Stone, 1982; Rakic and Riley, 1983) and this cell death may be nonuniform across the retinal surface Sengelaub et al., 1983) . Some ganglion cell precursors may be secondarily coverted into amacrine cells Hinds, 1978, 1983) and ganglion cell distribution and density are also affected by the nonuniform growth of the retina (Mastronarde et al., 1984) . However, tangentially migrating neurons, which have a characteristic morphology and orientation (Ramon y Cajal, 1929) have never been observed in the developing retinal ganglion cell layer, and this suggests that the topographic pattern of label described here accurately represents the pattern of production of those ganglion cell neuroblasts which survive in the adult.
The disposition of the several roughly spiral waves of ganglion cell production with respect to the area centralis makes this point a definable landmark even from the earliest stages of neurogenesis. The area centralis is not the sole locus of the oldest ganglion cells (cf. Kliot and Shatz, 1982) and seems not to show any special burst of neurogenetic activity. Instead, the area centralis adds its large complement of ganglion cells at a leisurely pace but forms a node, or fulcrum, about which ganglion cell production in the retinal quadrants pivots. This position as a pivot distinguishes the area centralis, regardless of whether the early distribution of ganglion cells is uniform Rapaport and Stone, 1984) or nonuniform (Lia et al., 1983) and, thus, those factors responsible for the formation of the area centralis can be presumed to be operative as the first ganglion cells are formed.
Relationship of ganglion cell production to retinofugal fiber organization. Our results show that, just as the timing of production of ganglion cells alone cannot account for the precise maps made by the eye on the brain it also seems insufficient alone to produce the partial decussation which characterizes the cat's retinofugal projection. Whereas nasal-temporal differences in the production of medium-sized and large ganglion cells are sometimes striking in inferior retina (see Fig. 3a and c), this is not true in superior retina, where a portion of superior temporal retina develops along with superior nasal retina, and where nasal-temporal differences in the timing of ganglion cell production near the vertical meridian are slight or absent. We have described previously an intriguing indirect relationship between ganglion cell birthdates and axonal decussation patterns, in which the line of decussation is less sharp and progressively shifted into temporal retina for younger ganglion cells .
Although the cat's retina adds ganglion cells in a pattern very different from that seen in nonmammalian vertebrates, in all species the fiber order in the optic tract reflects the order of ganglion cell production, with older fibers deeper in the tract and newer fibers nearer the pial surface (Herrick, 1941 (Herrick, , 1942 Gaze and Grant, 1978; Easter et al., 1981; Bunt, 1982; Reh et al., 1983) . The sequence of ganglion cell production has previously been correlated with axon order in the cat's optic tract by noting that the formation of ganglion cells as distinct waves representing cells of different size classes matches the partial segregation of fibers by size in the tract . We can now elaborate this correlation by pointing out
